The fadL gene of Escherichia coli encodes an outer membrane protein (FadL) that plays a central role in the uptake of exogenous long-chain fatty acids. The nucleotide sequence of the fadL gene revealed a single open reading frame of 1,344 bp encoding a protein with 448 amino acid residues and a molecular weight of 48,831. The transcriptional start, analyzed by primer extension, was shown to be 95 bp upstream from the translational start. Apparent -10 and -35 regions were found at -12 and -37 bp upstream from the transcriptional start. Three regions with hyphenated dyad symmetry (two between the transcriptional start and the translational start and one upstream from the -10 and -35 regions) were identified that may play a role in the expression offadL. The protein product of the fadL gene contained a signal sequence and signal peptidase I cleavage site similar to that defined for other E. coli outer membrane proteins. The N-terminal sequence of the mature FadL protein was determined by automated amino acid sequencing of protein purified from the outer membrane of a strain harboring fadL under the control of a T7 RNA polymerase-responsive promoter. This amino acid sequence, Ala-Gly-Phe-Gln-Leu-Asn-Glu-Phe-Ser-Ser, verified the signal peptidase I cleavage site on pre-FadL and confirmed the N-terminal amino acid sequence of FadL predicted from the DNA sequence. Mature FadL contained 421 amino acid residues, giving a molecular weight of 45,969. The amino acid composition of FadL deduced from the DNA sequence suggested that this protein contained an abundance of hydrophobic amino acid residues and lacked cysteinyl residues. The hydrophobic amino acids within FadL were predicted to contribute to at least five regions of the protein with an overall hydrophobic character. The amino acid sequence of FadL was used to search GenBank for other proteins with amino acid sequence homology. These data demonstrated that FadL and the heat-modifiable outer membrane protein P1 of Haemophilus influenzae type b were 60.5% conserved and 42.0% identical over 438 amino acid residues.
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The uptake of exogenous long-chain fatty acids into Escherichia coli requires the outer membrane protein FadL (1-4, 18, 25-28) . FadL acts to bind long-chain fatty acids with high affinity (2) and subsequently allows these compounds to traverse the outer membrane. The biochemical mechanism that governs the activity of FadL in this transport process remains undefined. We are interested in defining how longchain fatty acids specifically traverse the cell envelope of E. coli. Central to this problem is understanding how FadL functions in the long-chain fatty acid transport process.
The fadL gene was identified by Nunn and co-workers and shown to be required for the uptake of exogenous long-chain fatty acids (3, 4, 18, (25) (26) (27) (28) . We have shown that the product of the fadL gene is localized in the outer membrane (4) , acts as a high-affinity long-chain fatty acid-binding protein (2, 26) , is a receptor for the bacteriophage T2 (1), and is likely to be peptidoglycan associated (1) . These data imply that FadL forms a specific channel for the uptake of long-chain fatty acids across the outer membrane. Black et al. (3) cloned the fadL gene and identified the fadL gene product by using maxicell analysis of plasmid-encoded proteins. FadL, like many outer membrane proteins of gram-negative bacteria, exhibits a heat-modifiable property in the presence of sodium dodecyl sulfate (3, 4) . When FadL is heated at 100°C, its Mr is 43,000, whereas when it is heated at 30°C, its Mr is 33 ,000. Said et al. reported the sequence of the fadL gene and defined the transcriptional initiation site by SI protection (31) . In the course of our studies with in vivo and in vitro mutagenesis of the cloned fadL gene to define regions of functional importance on FadL (16) , it became apparent that the sequence published by Said et al. was incorrect (31) . In particular, the N-terminal amino acid sequence of FadL, the transcriptional start of fadL, and a number of base pairs throughout the sequence proposed were inconsistent with our data. Additionally, the data presented by Said et al. (31) showed a FadL protein without a signal sequence normally associated with outer membrane proteins. In this report I present the correct nucleotide sequence of the fadL gene, define the transcriptional start of FadL by primer extension, and define the N-terminal amino acid sequence of FadL by using automated amino acid sequencing. These data defined a signal sequence on the unprocessed form of FadL that shares homology with other signal sequences of outer membrane proteins. Furthermore, I present evidence that FadL and the outer membrane protein P1 of Haemophilus influenzae type b share considerable amino acid sequence identity, suggesting that these two heat-modifiable proteins may share structural and functional features.
MATERIALS AND METHODS
Bacterial strains, media, and growth conditions. E. coli JM103 was used for transformation and propagation of M13 clones containing fragments of thefadL gene as described by Messing (21 (8) .
Mapping the transcriptional initiation site of fadL. The initiation site of transcription was identified by primer extension of the 5' end-labeled fadL-specific oligonucleotide 5'-ACCGGACCGGCCCGAATAATCCCC-3' hybridized to in vivo-synthesized mRNA by reverse transcriptase. Purified oligonucleotide (0.5 to 1.0 ,ug) was 5' end labeled with [y-32P]ATP as described by Maniatis et al. (19) with T4 polynucleotide kinase. Total in vivo-synthesized RNA was isolated from a 100-ml midlog culture of C600 grown in TB supplemented with 5 mM oleate-0.5% Brij 58 by a modification of the procedure of Kassavetis and Geiduschek (14) . After cell lysis, sample volumes were adjusted to 3.4 ml with 100 mM Tris hydrochloride (pH 8.0)-2 mM EDTA, and 2-mercaptoethanol was added to 1.0%. Solid CsCl (4.56 g) was added to each sample, dissolved thoroughly, and dispensed into two TLS-50 polyallomer tubes. Samples were centrifuged at 50,000 rpm in a TL-100 (9) . In the resultant plasmid, pN132, the control of fadL was placed under the T7 RNA polymerase-responsive promoter in addition to its own promoter. fadR was maintained on the plasmid to provide control of the fadL promoter, because otherwise this gene was toxic. pN132 was transformed into strain BL21/plysS and, after induction with isopropyl-p-D-thiogalactopyranoside as described by Studier and Moffat (35) , synthesized FadL at high levels.
Purification of FadL and N-terminal amino acid sequence analysis. FadL was isolated from a 0.5-liter midlog culture of strain BL21/plysS (pN132) grown in 2YT containing 100 ,ug of ampicillin per ml and 15 jig of chloramphenicol per ml after induction with isopropyl-3-D-thiogalactopyranoside for 2 h by a modification of published methods (4) . After growth, cells were collected by centrifugation, washed once in minimal salts, and frozen at -80°C for 1 h. Cells were thawed on ice and suspended in 50 ml of cold 0.75 M sucrose-10 mM HEPES (N-2-hydroxyethylpiperazine-N-2-ethanesulfonic acid) (pH 7.5)-10 mM EDTA-1 mM phenylmethylsulfonyl fluoride (PMSF)-1 ,ug of DNase I per ml and were subjected to two cycles of sonication (30 s, full power). The total cell envelope was isolated from the clarified cell extract by centrifugation at 22,000 rpm for 90 min (SW28 rotor; Beckman). The total cell envelope was suspended by sonication in 10 mM HEPES (pH 7.5), applied to a discontinuous sucrose gradient (17, 54, and 70%), and centrifuged at 22,000 rpm (SW28 rotor; Beckman) for 18 h, resulting in inner and outer membrane fractions. FadL was partially purified from the outer membrane fraction by using the different detergent extraction protocols previously described (4) . With this approach, nearly 70% of the protein in the Tween 20-insoluble, Triton X-100-soluble extract was FadL. A sample containing 500 ,ug of total extracted protein was separated on a preparative discontinuous 5% sodium dodecyl sulfate-12% polyacrylamide gel (3) and electroblotted to a prewetted polyvinylidene difluoride membrane (Immobilon Transfer; Whatman) in 10 mM 3-(cyclohexylamino)-1-propanesulfonic acid (pH 11.0)-10% methanol as described by Matsudaira (20) . FadL was identified by staining the polyvinylidene difluoride membrane with 1% Ponceau S red in 5% acetic acid for 5 min and destaining in 5% acetic acid for 10 min. The strip containing FadL was excised with a razor blade, rinsed with glass-distilled water for 15 Nucleotide sequence accession number. The nucleotide sequence shown in Fig. 2 has been submitted to GenBank under accession number M37714.
RESULTS
Sequence of thefadL gene. Based on our previous complementation analyses, the fadL gene was localized to a 2.8-kb EcoRV fragment (3) . In the present work, we sequenced this DNA fragment and identified the fadL coding region. The fadL gene is located within the 2,197-bp fragment presented in Fig. 2 and encodes a single polypeptide of 448 amino acid residues. The calculated molecular weight of this protein (48,831) was somewhat higher than that estimated from sodium dodecyl sulfate-polyacrylamide gel electrophoresis of the purified protein (3, 4) . The protein sequence deduced from the DNA sequence demonstrated that FadL had no cysteinyl residues and contained a large number of hydrophobic residues. Both findings were in agreement with total amino acid compositional analysis (4) . Sequence analysis identified a second, incomplete reading frame at the end of the 2.8-kb EcoRV fragment that, based on analysis with the GCG program TFASTA, was fused to lambda DNA. Since the original fadL clone was identified from a lambda library and subsequently subcloned into pACYC177 (3), the lambda DNA was likely to be a cloning artifact. Although the incomplete reading frame identified was closely linked to fadL, it was not required for complementation of fadL mutants and thus is presented in the paper.
Features of the fadL sequence. The open reading frame identified contained two possible translational start sites (nucleotides 304 and 310) separated by GTC. We cannot say with certainty which ATG represents the initiation methionine. Six base pairs upstream from the first ATG is a purine-rich segment (5'-GAGG-3') that shares homology with ribosomal binding sites (34) . The transcriptional start, defined by primer extension (Fig. 3) , was positioned 95 bp upstream from the first ATG. The adenine residue at this position has been designated +1 (Fig. 2) . The -10 and -35 sequences were defined by consensus at positions -12 (5'-TATACT-3') and -37 (5'-TTGCAA-3'), respectively, from the transcriptional start. The spacing between these two regions is consistent with that documented for other E. coli promoters. A region of hyphenated dyad symmetry at -74 (5'-TTTCTTAGATCATATTTGAAA-3') was identified that shares some homology with sequences involved in the binding of cyclic AMP and catabolite gene activator protein (6) (12) . Data from this analysis indicated that FadL contained a number of regions with an overall hydrophobic character (Fig. 4) . : . . ing homology between FadL and P1 (Fig. 5 ). FadL and P1 had 61.5% similarity with 42.0% perfect identity over 438 amino acid residues.
DISCUSSION
The FadL protein of E. coli plays a central role in the uptake of exogenous long-chain fatty acids. As an outer membrane protein, FadL acts to bind long-chain fatty acids with a relatively high affinity (2) and by some unknown mechanism allows these hydrophobic molecules to traverse this membrane layer. After transport across the outer membrane, long-chain fatty acids traverse the periplasmic space and inner membrane by an undefined process and are delivered to fatty acyl coenzyme A synthetase or acyl-acyl carrier protein synthetase (10, 13, 15, 30) . The majority of exogenous long-chain fatty acids are derivatized to coenzyme A thioesters and are broken down by cyclic 1-oxidation (10, 15) . A small proportion of exogenous long-chain fatty acids enter the phospholipid pool directly by acyl-acyl carrier protein synthetase (30) . In either case, FadL is required. We envision FadL acting as a common component for the uptake of exogenous long-chain fatty acids into these two metabolic systems.
In the present study, we determined the nucleotide sequence of the fadL gene. Our sequence analysis demonstrated thatfadL is contained within a 2,197-bp fragment and encodes a protein with a molecular weight of 48,831. Based on the DNA sequence of fadL, two possible translational starts for FadL, separated by the sequence GTC, were identified. We cannot say with certainty which ATG represents the translational start. Total amino acid compositional analysis of FadL deduced from the DNA sequence of the fadL gene demonstrated that this protein was rich in hydrophobic residues and lacked cysteinyl residues. Both findings were in agreement with our earlier work describing the amino acid composition of purified FadL (4). The predicted amino acid sequence of FadL suggested the presence of a signal peptide of 27 amino acids in length. In an effort to confirm the presence of a signal peptide and the FadL reading frame, the N-terminal amino acid sequence of FadL was determined after partial purification from a strain harboring a T7-fadL expression system. These data demonstrated that a pre-FadL was processed giving rise to a mature protein with a molecular weight of 45,969. The processing site of pre-FadL was in agreement with the consensus cleavage site define for signal peptidase I (29) .
The transcriptional start site offadL was defined at 95 bp upstream from the translational start of FadL. The -10 and -35 regions were identified by comparison with consensus sequences for RNA polymerase and sigma 70. In addition, three regions of hyphenated dyad symmetry (one upstream from the -10 and -35 sequences and two downstream from the transcriptional start) were identified that may play a role in the regulation of this gene. Some similarities exist between these dyads and those defined for the fadBA genes (encoding the 3-oxidation multienzyme complex) (9) Said et al. claim that the amino acid sequence they presented predicts a signal sequence. Although their proposed signal sequence contains a basic region followed by a small hydrophobic region, the presence of two aspartic acid residues and one asparagine residue within this hydrophobic region results in a considerable deviation from consensus. The DNA sequence data of fadL, the primer extension data using afadL-specific oligonucleotide, and the N-terminal sequence data of FadL determined in our laboratory support the conclusion that the transcriptional start is 95 bp upstream from the translational start. The translational start site is preceded by a polypurine-rich segment that has homology with known ribosome binding sites (34) . Based on our data, we feel confident that the transcriptional and translational starts proposed in this paper for the fadL gene are correct.
FadL, like a number of proteins found in the outer membrane of gram-negative bacteria, is heat modifiable in the presence of sodium dodecyl sulfate. Using the amino acid sequence comparison program BESTFIT supplied by GCG, we found that FadL and the heat-modifiable outer membrane protein P1 of H. influenzae type b had remarkable similarity (61.5% similarity with 42.0% perfect identity) over 438 amino acid residues. P1 is not required for pathogenicity of H. influenzae type b (11), although antibodies raised against this protein are protective against bacteremia (17) . Despite the work done on this H. influenzae type b protein, the precise physiological role of P1 remains largely undefined. The similarity between FadL and H. influenzae type b P1 suggests that these proteins may have a common function, perhaps in long-chain fatty acid transport. The expression offadL is under the control of the FadR repressor and is induced in the presence of long-chain fatty acids (32) . By analogy, P1 may be subject to similar control, and its expression may be induced by long-chain fatty acids (like FadL) or some other metabolically useful compound. The similarity between FadL, OmpA, and phospholipase were also compared, because these two latter outer membrane proteins of E. coli are also heat-modifiable, no significant homology was found. In addition, the amino acid sequences of FadL and OmpF were compared, since both proteins serve as receptors for the bacteriophage T2. No regions of significant homology between these proteins were identified, suggesting that the domains that give rise to T2 receptor activity are different of the level of amino acid sequence.
FadL is a central component of the long-chain fatty acid transport machinery in E. coli. This protein binds exogenous long-chain fatty acids with a relatively high affinity (2) and by some unknown mechanism allows these compounds to traverse the outer membrane. The proposed amino acid sequence of FadL suggests that this protein contains several stretches of hydrophobic residues. Although the roles of these regions are unknown, hexameric linker mutagenesis of the fadL gene suggests that one of these regions is involved in the heat-modifiable characteristic of FadL, whereas another is involved in the actual binding of long-chain fatty acids (16) . With the sequence offadL defined and amino acid sequence of FadL determined, we are now using random and directed mutagenesis to investigate the functional and phenotypic properties of this protein further: long-chain fatty acid binding, long-chain fatty acid transport, bacteriophage T2 binding, and heat modifiability. ACKNOWLEDGMENTS I thank William Lane of the Harvard University Microchemistry facility for the N-terminal sequence analysis of FadL and Concetta DiRusso for synthesizing the fadL-specific oligonucleotides and for providing plasmid pCD130.
This work was supported by grant DCB-8811714 from the National Science Foundation.
